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In response to inflammatory stimulation, dendritic cells (DCs) have
a remarkable pattern of differentiation (maturation) that exhibits
specific mechanisms to control immunity. Here, we show that
in response to Lipopolysaccharides (LPS), several microRNAs
(miRNAs) are regulated in human monocyte-derived dendritic cells.
Among these miRNAs, miR-155 is highly up-regulated during mat-
uration. Using LNA silencing combined to microarray technology,
we have identified the Toll-like receptor/interleukin-1 (TLR/IL-1)
inflammatory pathway as a general target of miR-155. We further
demonstrate that miR-155 directly controls the level of TAB2, an
important signal transduction molecule. Our observations suggest,
therefore, that in mature human DCs, miR-155 is part of a negative
feedback loop, which down-modulates inflammatory cytokine
production in response to microbial stimuli.

bic/miR-155 � LPS � TAB2 � TLR/IL-1 pathway

Dendritic cells (DCs) are regulators of the immune response,
whose antigen processing activities are controlled in response

to inflammatory stimuli (e.g., Lipopolysaccharides, LPS) (1, 2).
Among antigen presenting cells, DCs are the most efficient at
initiating antigen-specific responses, inducing differentiation of
naive T cells. Upon stimulation, DCs begin a maturation process
characterized by dramatic functional changes, such as cytokine
production or up-regulation of antigen presentation capacity (3).
LPS sensing by TLR-4 activates 2 major pathways resulting in DC
maturation. The first results in IKK, JNK and p38 MAPK stimu-
lation through the MyD88-IRAK-TRAF6 pathway. The second
involves the Toll-IL-1 receptor domain-containing adapter-
inducing IFN-� (TRIF) and IRF3, which leads to type I IFN
expression and costimulatory molecules up-regulation (4). Both
pathways are required for optimal NF-�� activation and the
production of cytokines such as IL-12 or IL-1� (5). DC activation
results, therefore, in the enhanced ability to stimulate and polarize
T cells in vitro and in vivo (6).

Recently, microRNAs (miRNAs) have emerged as a major
class of gene expression regulators linked to most biological
functions. miRNAs posttranscriptionally regulate gene expres-
sion by forming imperfect base pairing with sequences in the
3� untranslated region (3� UTR) of target mRNAs to prevent
protein accumulation by repressing translation or by inducing
mRNA degradation (7). More than 800 miRNAs have been
identified in mammals (miRBase v.12.0), although their func-
tions are only now being elucidated. The enzyme responsible
for regulatory RNA biogenesis, Dicer, is required for lympho-
cytes function, which suggests regulatory roles for miRNAs in
the immune system (8). However, the relationship between
inf lammation, innate immunity, and miRNA expression is just
beginning to be explored (9–11). In the present study, we use
a microarray-based screen to identify miRNAs induced during

primary human monocyte-derived DC (moDC) maturation,
and the immunologically relevant pathways controlled by these
miRNAs.

We confirm that in activated primary moDCs, as in mouse
bone marrow derived macrophages (12), the transcription of
several miRNAs is regulated, among which the most prominently
induced is miR-155. miR-155 is contained within the noncoding
B cell integration cluster (Bic) gene (13) and has been linked to
B and T cell immunity (9, 14, 15). Importantly, we identify
TAB2, an adaptor in the TLR/IL-1 signaling cascade, as a direct
target of miR-155 and we further show that miR-155 is part of
the negative feed-back loop controlling IL-1� and other inflam-
matory cytokines produced during LPS-mediated DC activation.
Thus, in addition of its role in hematopoietic lineage commit-
ment, miR-155 plays an essential role in controlling the intensity
of the inflammatory response to microbes in human DCs.

Results
Identification of miRNAs Regulated During moDC Maturation. We
generated a microarray containing 381 nonredundant human and
rodent miRNA sequences, which was used to determine the ex-
pression levels of mature miRNAs purified from immature and 4 h
or 16 h LPS-activated moDCs. Among the screened miRNAs,
miR-155 showed the highest substantial induction over time (Fig.
1A). A quantitative PCR (qPCR) kinetics performed on mature
miRNA indicated that miR-155 is rapidly induced, reaching a
50-fold induction 16 h after LPS treatment (Fig. 1B). Independently
of our screen, 5 miRNAs (miR-142, miR-144, miR-150, miR-155
and miR-223) were recently found to be highly specific for hema-
topoietic cells (16). It has been reported that, besides miR-155, the
miRNAs miR-146 and miR-125b are regulated in response to
LPS-stimulation (12, 17–19). We performed qPCR to monitor the
expression of these immunological-relevant miRNAs in LPS-
activated moDCs (Fig. S1A). From this analysis, we could confirm
the up-regulation of miR-155 and of 2 other miRNAs, miR-223 and
miR-146a, albeit to a lesser extent than the first. In contrast,
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miR-125b, miR-144 and miR-142–5p were found to be down-
regulated, whereas no regulation was found for miR-150. In most
cases the trend of transcription regulation initiated after 4 h of LPS
treatment was amplified after 16 h, suggesting that these miRNAs
are involved in maintaining the directionality of the maturation
process. Our results parallel data obtained in different human
cell-lines, showing that miR-146a is induced by LPS, playing an
inhibitory role on the inflammatory response (17).

TLR/IL-1 Signaling Pathway Is Modulated by miR-155 in Activated
moDCs. miR-155 is a key regulator of lymphoid development and
immunity (14, 15), but its specific function in activated human DCs
remains to be elucidated. We devised a strategy to functionally
inhibit the mature form of miR-155 with the aim of identifying the
signaling pathways controlled by miR-155 during DC maturation
(Fig. S2). A LNA-modified oligonucleotide (20) specifically de-
signed for miR-155 knockdown (anti-miR-155 LNA) was intro-
duced in moDCs by nucleofection prior LPS stimulation. Twenty-
four hours after transfection, a reduction in miR-155 levels of 8- and
32-fold was observed by qPCR in immature and mature moDCs
respectively (Fig. S1B). We could also show that DC maturation
remained normal under these conditions (Fig. S3). A comparative
microarray analysis (Affymetrix U133 2.0 chip) was performed
among miR-155 silenced (anti-miR-155-LNA) and control trans-
fected (scramble-LNA) moDCs, exposed or not to LPS. As ex-
pected from the limited expression of miR-155 in nonactivated
DCs, little variation in mRNA expression (177 probe sets differ-
entially expressed employing a cut-off of 1.5) was detected upon
miR-155 silencing. Conversely, in LPS-activated cells many mRNAs
(1324 probe sets, 770 up-regulated and 554 down-regulated, com-
plete list in Table S1) were affected by miR-155 inhibition (Fig. 1C).
miRNAs inhibit mRNA translation or reduce mRNA stability after
imperfect binding to miRNA-recognition elements (MREs) within
the 3�-untranslated region (3�-UTR) of target genes. The specificity
of this response is mediated by a ‘‘seed’’ region localized at residues
2–8 of the 5�-end of the miRNA (7). We validated our experimental
approach using the Sylamer software (21) and demonstrated that
miR-155 inhibition in activated DCs, clearly leads to the favored
up-regulation of mRNAs containing miR-155 seeds (6 and 7 nt) in
their 3�UTR, but not the seeds of anti-miR155-LNA or of the
scramble-LNA oligonucleotides used as control (Fig. S4 A and B).

Using the Ingenuity Pathway analysis software (IPA version
6.3), we were then able to identify several ‘‘canonical pathways’’
affected in miR-155 silenced LPS-activated moDCs (Table S2).
Interestingly, the top ranked pathway was the mitogen-activated
protein kinase p38 (p38 MAPK) signaling pathway, whose genes
were mostly up-regulated upon miR-155 inhibition (Fig. S5). The
p38 MAPK pathway mediates cellular responses to injurious
stress and immune signaling, serving cell type-specific inflam-
matory functions that can result in cytokine and chemokine
production (22). Remarkably, 6 of the 9 top ranked pathways
contained the proinflammatory cytokine IL-1 and its signal
transduction components, suggesting a possible role of miR-155
in modulating the TLR/IL-1 signaling pathway, which is known
to cross-talk with the p38 MAPK pathway (Fig. S5).

We next focused on the 770 probe sets up-regulated in
miR-155 silenced LPS-activated moDCs (listed in Table S1) and
looked for genes related to the inflammatory response. Among
the up-regulated genes were IL-1�, IL-1� and other proinflam-
matory cytokines including IL-6, TNF-� and IL-23, and the
chemokines MIP-1 �/�, MIP-2 �/� and MIP-3 �. Expression of
the IL-1�-converting enzyme caspase 1 was also increased in
response to miR-155 silencing (Table 1). Thus, an inflammation-
related gene signature can be identified in miR-155 silenced
moDCs. Because gene expression of proinflammatory cytokines
is transient and is limited to the early phase of DC maturation
(23), transcription levels of the proinflammatory genes identi-
fied upon miR-155 knockdown were monitored in activated

Fig. 1. miR-155 expression analysis in LPS-stimulated moDCs and gene
expression analysis of moDCs after miR-155 knockdown. (A) Microarray
analysis of miRNA expression in moDCs after stimulation with LPS. The
scatter plot shows averaged (n � 16, quadruplicate hybridizations of 2
independent technical replicates, performed on 2 different DC prepara-
tions) background-subtracted raw intensities for each probe on both chan-
nels for Cy3-labeled control (immature DCs) and Cy5-labeled 4 h or 16 h
LPS-treated cells (mature DCs) and their respective dye-swaps. Each dot
represents one miRNA probe [(1) hsa�miR-155, (2) ambi�miR-7084, (3)
hsa�miR-340, (4) hsa�miR-368, (5) mmu�miR-350]. (B) miR-155 expression
was determined by relative qRT-PCR and normalized on U6 RNA levels. The
data indicate the mean (� SD) of a triplicate qPCR, representing at least 3
independent experiments, each derived from a different DC preparation.
(C) Total RNA was used for gene expression analysis using Affymetrix
microarrays. We tested 12,190 probe sets that passed the control criteria.
The scatter plot shows the anti-miR-155 LNA expression values normalized
to scramble LNA values, applying a cut-off of 1.5. Each dot represents one
probe set. A list of the 1324 probe sets identified in presence of LPS is
available in Table S1. UNT, untreated cells.
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moDCs with functional miR-155. We confirmed that the iden-
tified inflammation-related genes were rapidly and strongly
up-regulated in the early phase of DC maturation (from 0 h to
4 h after LPS), followed by a relatively important down-
regulation in the late phase (from 4 h to 16 h after LPS) (Table
1, fold change in miR-155 (�)). Because the expression of
miR-155 occurs concomitantly with the down-regulation of these
inflammatory genes mostly in this late phase of DC maturation,
miR-155 could exert a major inhibitory role on the inflammatory
response. In addition of inflammatory genes, the transcription
factor MafB, involved in the differentiation of macrophages and
DCs, was also found to be up-regulated upon miR-155 silencing.
Interestingly MafB was also found to be a potential target of
miR-223, which suggests the existence of regulation networks
involving several miRs able to repress the same target mRNAs
(Table S3). Whether miR-155 and miR-223 regulates the DC
differentiation pathways or this finding only reflects an enhanced
response to inflammatory cytokines will have to be clarified.

The induction of inflammation-related mRNAs identified by
microarrays analysis was also established by qPCR, confirming the
impact of miR-155 knockdown on the IL-1 signaling pathway (Fig.
2A). IL-1� and caspase 1 levels were quantified by immunoblot (see
SI Materials and Methods). Both IL-1� and caspase 1 proteins were
considerably increased in miR-155-silenced moDCs after LPS
stimulation (Fig. 2B). As already observed in LPS-activated moDCs
(24), IL-1� was mostly detected in the immature pro-IL-1� form,
whereas active IL-1� was much less abundant (data not shown).
Levels of secreted IL-1� were also considerably increased in

miR-155-silenced moDCs compared with scramble-treated cells
(Fig. 2C).

Identification of miR-155 Direct mRNA Targets in Mature moDCs.
Although we could show that miR-155 controls the IL-1�
pathway and maybe other inflammatory cytokine signaling
cascades, its mode of action and the nature of its direct target(s)
remained to be elucidated. Several miR-155 targets have been
characterized exclusively in the murine hematopoietic system,
including PU.1 (25) and AID (26, 27) in B cells, c-Maf in T cells
(15), Bach1, Sla, Cutl1, Csf1r, Jarid2, Cebp�, PU.1, Arntl, Hif1�
and Picalm in RAW 264.7 myeloid cells (28), but none of them
has been validated in human DCs and no relationship to the
IL-1� signaling pathway revealed so far. We used the miRNA
target prediction software TargetScan (version 4.2, www.
targetscan.org) to scan for ‘‘seed matches’’ the 770 probe sets
up-regulated in miR-155 silenced moDCs (Table S4). Impor-
tantly, among the 23 identified genes, we found the previously
validated miR-155 targets BACH1, CUTL1 and CEBPB (28),
suggesting that some of the targets are conserved between the
murine and human immune systems. However, IL-1� and
caspase 1 were not identified as candidate targets. Interestingly,
2 important adaptor proteins of the TLR/IL-1 signal transduc-
tion cascade, Pellino-1 and TAB2, displayed potential seed
matches for miR-155 and were further investigated.

Both, Pellino-1 and TAB2 are part of a molecular complex
containing the TNF receptor-associated factor 6 (TRAF6) and
allow activation of the inflammatory response upon TLR4 or
IL-1 receptor triggering (29, 30). Up-regulation of Pellino-1,

Table 1. Regulation of selected inflammation-related genes in LPS-activated moDCs, in absence or presence of miR-155

Affymetrix ID Gene symbol Description

Fold change
miR-155

(�) moDCs

Fold change miR-155 (�) moDCs

4 h vs
0 h

16 h vs
4 h P

Cytokines
205067�at IL1B interleukin 1, beta 2.2* 174.0 �3.4 3.25 � 10�06

39402�at 2.2* 150.0 �3.2 5.19 � 10�06

210118�s�at IL1A interleukin 1, alpha 1.7 287.1 �30.8 1.62 � 10�04

205207�at IL6 interleukin 6 1.6 239.1 �7.3 5.63 � 10�06

220054�at IL23A interleukin 23, alpha subunit p19 2.3* 20.0 �8.6 7.78 � 10�04

207113�s�at TNF tumor necrosis factor alpha 1.7 53.8 �14.1 5.54 � 10�05

Chemokines
205114�s�at CCL3 (MIP1A) chemokine (C-C motif) ligand 3 1.8 37.4 �3.6 1.27 � 10�05

204103�at CCL4 (MIP1B) chemokine (C-C motif) ligand 4 2.2* 35.1 �3.2 1.06 � 10�05

205476�at CCL20 (MIP3A) chemokine (C-C motif) ligand 20 2.0 386.0 �5.0 1.94 � 10�05

204470�at CXCL1 (GROA) chemokine (C-X-C motif) ligand 1 2.3* 237.7 �5.4 2.43 � 10�05

209774�x�at CXCL2 (MIP2A) chemokine (C-X-C motif) ligand 2 3.2 103.9 �5.2 2.10 � 10�04

207850�at CXCL3 (MIP2B) chemokine (C-X-C motif) ligand 3 2.9* 108.7 �5.1 2.73 � 10�04

Apoptosis

211368�s�at CASP1 caspase 1 (IL-1 beta-converting enzyme) 2.3* 3.8 �2.5 2.58 � 10�02

211366�x�at 2.2* 3.3 �2.6 2.51 � 10�02

209970�x�at 1.8* 3.1 �2.3 2.89 � 10�02

Ematopoiesis
222670�s�at MAFB v-maf musculoaponeurotic fibrosarcoma

oncogene homolog B
2.6* �2.1 �2.0 3.51 � 10�02

The fold regulation of selected inflammation-related genes affected by miR-155 knockdown has been derived from Table S1 (miR-155 (-) moDCs) and
compared with the fold regulation obtained in nontransfected LPS-activated moDCs (miR-155 (�) moDCs) in their early (from 0 h to 4 h after LPS) and late (from
4 h to 16 h after LPS) phase of maturation. All the indicated fold changes are derived from Affymetrix microarray experiments and, if presents, multiple probe
sets are indicated. The fold changes of miR-155 (-) moDCs derive from 1 single microarray experiment, and the most relevant genes have been confirmed by qPCR
(see Figure 3). The fold changes of miR-155 (�) moDCs are a mean of gene expression values derived from 4 independent microarray experiments, each
experiment including a different blood donors. For each experiment, samples have been collected from untreated moDCs (0 h) and at 2 different time points
after LPS-stimulation (4 h and 16 h). The expression values were first normalized per gene. The 4 h values were then normalized to 0 h (4 h vs 0 h) and the 16 h
values to 4 h (16 h vs 4 h). The p-values have been calculated with the software GeneSpring GX 9.0, applying a repeated measures ANOVA test combined to a
asymptotic p-value computation, without any correction. IL-1A and IL-1B are indicated in bold.
*Fold change confirmed by qPCR.
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TAB2, BACH1, CUTL1 and CEBPB mRNAs was confirmed by
qPCR in miR-155-silenced moDCs. The fold-increase of Pel-
lino-1 and TAB2 mRNAs was relatively modest, although still in
the higher range of what was observed for the other known
miR-155 targets (Fig. 3A). Immunoblot demonstrated that both
molecules were induced at the protein level upon miR-155
inhibition in a similar manner to the IL-6 positive regulator
CEBPB, used here as a positive control (Fig. 4B).

We tested whether miR-155 could directly repress the iden-
tified mRNA targets through 3� UTR interactions. Thus, the
full-length 3� UTRs of the human genes BACH1, Pellino-1,
TAB-2 were cloned into a reporter vector, downstream of firefly
luciferase cDNA. These vectors were then used to assess whether
miR-155 could repress luciferase activity in 293T cells. BACH1
3�UTR, used here as a positive control, showed a reduction to
30% of total luciferase reporter activity, in presence of miR-155.
Although TAB2 3�UTR displayed a reduced light emission down
to 50%, Pellino-1 3�UTR did not display any significant reduc-
tion of luciferase levels, if compared with the control (Fig. 3C).
Interestingly, when the 3�UTRs of their murine homologues
were tested in the same experimental setting, mouse Pellino-1
(mPellino-1) 3�UTR displayed significantly higher repression
levels (20%) than its human counterpart (Fig. S6). Computa-
tional prediction indicates that Pellino-1 mRNA 3� UTR com-
prizes a 7-mer 1A seed match specific to miR-155, whereas
TAB2 contains a 8-mer seed match (Fig. 3D). In the case of

Pellino-1 mRNA, the doubt subsists on the reality of its direct
targeting by miR-155, because only a modest inhibitory effect
could be observed in the murine system. However, TAB2 3�UTR
is clearly a newly identified direct miR-155 target, which prob-
ably exerts a negative feedback control on the TLR/IL-1 signal-
ing pathway in the late phase of DC activation, thus potentially
impairing IL-1� production and its autocrine function.

TAB2 Is Posttranscriptionally Regulated in Activated DCs. Decreased
levels of TAB2 could lead to a reduced recruitment of TRAF6,
thus down-modulating the activation of TAK1 and of the NF-�B
pathway (31). Moreover, upon TGF-� stimulation, the signaling
protein Mothers against decapentaplegic homolog 6 (Smad6)
forms a complex with Pellino-1. Smad6-Pellino-1 interaction
abrogates signaling mediated by the complex of IRAK1,
Pellino-1 and TRAF6 that forms after stimulation with IL-1�.
Blockade of IRAK1-Pellino-1-TRAF6 signaling prevents the
degradation of the inhibitor I�B� and subsequent nuclear
translocation of NF-�B, and the expression of pro-inflammatory
genes (32). Therefore, differences in the levels of TAB2,
Pellino-1 and Smad-6 proteins could have potent anti-
inflammatory activity, especially in a context in which Smad6
could be over-expressed and TAB2 down-modulated.

mRNAs levels for Pellino-1, Smad6 and TAB2 were measured by
qPCR during LPS-induced moDC maturation (Fig. 4A). TAB2
mRNA levels increased 5-fold over 24 h of DC activation, whereas
Pellino-1 mRNA expression was first induced 9-fold at 4 h after
LPS, followed by a steadily down-regulation. In comparison, the
levels of Smad6 mRNA continuously increased reaching 8-fold
induction, 24 h after LPS-stimulation. As expected from miR-155
expression kinetics, TAB2 protein levels were quickly and strongly
down-regulated upon maturation, despite a continuous increase in
the transcription of the TAB2 mRNA. In addition, Pellino-1
protein levels did not overly decrease, whereas Smad6 levels were
strongly induced (Fig. 4B). Thus, upon DC activation, the molecular
ratio between Pellino-1 and Smad6 is modified in favor of Smad6,
whereas TAB2 protein is lost presumably because of miR-155-
mediated inhibition, potentially contributing to the negative control
of IL-1R signaling.

Discussion
Interaction of resting immature DCs with TLR ligands leads to
a cascade of proinflammatory cytokines (33). Although the
inflammatory response is critical for the control of pathogenic
infections, excessive production of proinflammatory cytokines is
harmful to the host and can lead to autoimmunity. In addition,
several cytokines are able to trigger DC-activation via autocrine
or paracrine pathways (34). In this context, IL-1 forms an
important part of the inflammatory response, increasing the
expression of adhesion factors on endothelial cells to enable
transmigration of leukocytes to sites of infection (35). Impor-
tantly, IL-1 is an activator of DCs (36, 37) and is involved in the
pathogenesis of numerous diseases with an inflammation com-
ponent (38). Thus, inflammation may cause more damage than
healing, if its magnitude and duration are not strictly controlled
by negative regulators that act at the molecular level.

Here, we demonstrate that miRNAs play a key role in
modulating the IL-1 pathway in human DCs, by directly targeting
adaptor molecules of the TLR/IL-1 signaling cascade. Similarly
to what was observed in human monocytes (17), we have found
that both miR-155 and miR146a are up-regulated upon LPS-
stimulation of human primary DCs. Interestingly, miR146 has
been proposed to target the 3� UTRs of the TRAF6 and IRAK-1
genes, and to control Toll-like receptor and cytokine signaling
through a negative feedback loop, thus reducing inflammatory
cytokines production.

The mammalian p38 MAPK was originally discovered as an
evolutionary conserved protein kinase, whose activity is induced by

Fig. 2. Induction of IL-1� and caspase-1 in moDCs after miR-155 knockdown.
Immature human moDCs were transfected either with anti-miR-155 or with
scramble LNA oligonucleotides and stimulated or not with LPS for 24 h. Cells
and supernatants were collected and after harvesting both total RNA and cells
extracts were enriched. (A) Total RNA was used to quantify expression of the
indicated genes by relative qRT-PCR, normalizing on GAPDH RNA levels. The
graph shows a log2-scale fold induction calculated by normalizing the anti-
miR-155 LNA expression values on the scramble LNA values. Data indicate the
mean (� SD) of a triplicate qPCR. (B) Cells extracts were used to perform
immunoblots to assay the immature form of IL-1� (pro-IL-1�) and caspase-1.
An actin immunoblot is shown for equal loading control. (C) Supernatants
were used to perform quantitative sandwich enzyme immunoassays to mea-
sure secreted IL-1�. In all panels, data are representative of at least 3 inde-
pendent experiments, each derived from a different DC preparation. Symbols:
scr, scramble LNA; 155, anti-miR-155 LNA.
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LPS and IL-1 (39, 40), and p38 has been recently shown to have
distinct cell type-specific functions in inflammation, coordinating
pro- and anti-inflammatory gene expression (22). Intracellular

signaling pathways that are concurrently activated by the same
stimulus often interact with one another through cross-regulatory
feedback mechanisms. TAB2 acts as a multifunctional signaling
molecule, facilitating both IL-1-dependent TRAF6 ubiquitination,
assembly of the IL-1 signaling complex and activation of JNK, p38,
and NF-kappa-B. We have demonstrated that TAB2 mRNA is
directly targeted by miR-155. Therefore, we propose a model in
which low miR-155 expression in the early phase of DC maturation
enables the activation of the p38 MAPK pathway, favoring IL-1 �
expression, which in turn would induce, in an autocrine fashion, the
genes directly under the control of the IL-1-receptor and its
signaling cascade. In contrast, high miR-155 and miR-146 expres-
sion in the late phase of DC maturation would inhibit p38 MAPK
activation, silencing gene expression of IL-1 and other inflamma-
tory cytokines. Thus, by targeting different molecular actors of the
TLR/IL-1 signaling transduction pathway, miR-155 and miR-146
could exert together a regulation activity, which would limit the
over-production of inflammatory cytokines during the late phase of
LPS-mediated DC-activation. This loop could also be completed by
the Pellino-1/Smad6 inhibitory complex, although we were not able
to confirm that Pellino-1 is a direct target of miR-155 (Fig. S7).

In murine macrophages, miR-155 over-expression has also been
postulated to increase TNF-� translation and to render mice
hypersensitive to LPS/d-galactosamine-induced septic shock (18).
Our results clearly contrast with these observations, and suggest
that miR-155 is critical for the fine-tuning of the inflammatory
response in human DCs. This hypothesis is supported by the recent
finding that miR-155 is also induced by TGF-�, which has well
characterized anti-inflammatory function (41).

We have found that the IL-6 signaling pathway is regulated by
miR-155 in LPS-activated moDCs. Among the potential direct
mRNA targets of miR-155 there was the transcription factor
C/EBP�, which activates IL-6 gene expression (42, 43). Thus,
besides TAB2, other proteins involved in DC function and
cytokine production could be the direct targets of miR-155. In

Fig. 3. TAB2 is a direct target of miR-155 in moDCs. In A and B moDCs were treated, harvested and analyzed as described in Fig. 3. (A) qRT-PCR analysis for the
indicated genes, normalizing on GAPDH RNA levels. (B) Immunoblots to assay Pellino-1, TAB2 and CEBPB. An actin immunoblot is shown for equal loading control.
Symbols: scr, scramble LNA; 155, anti-miR-155 LNA. (C) miR-155 directly repress TAB2 mRNAs through 3� UTR interactions. The full-length 3� UTRs of the human
genes BACH1 (positive control), Pellino-1, TAB-2 were cloned into a reporter vector, downstream of luciferase. These vectors were then cotransfected with the
indicated amount of miR-155 or miR control precursor in 293T cells, and luciferase activity was quantified. The graph shows the percentage of remaining
luciferase activity calculated by normalizing the miR-155 expression values on the miR-control values. Data are representative of at least 3 independent
experiments. (D) Predicted interaction between the miR-155 seed and the seed matches on human Pellino-1 and TAB2 3�UTR mRNAs, determined with the
software TargetScan. The type of seed match and the relative position on the 3�UTR mRNA are indicated. A-T and G-C base pairs are indicated with a line, whereas
G:U bounds are indicated with a dot.

Fig. 4. Regulation of IL-1�, TAB2, Pellino-1 and SMAD6 in LPS-activated
moDCs. Immature human moDCs were stimulated with LPS and harvested at
the indicated time points. (A) qRT-PCR kinetics analysis for the indicated
genes, normalizing on GAPDH RNA levels. Data indicate the mean (� SD) of a
triplicate qPCR, representing at least 3 independent experiments, each de-
rived from a different DC preparation. (B) Immunoblot kinetics analysis for
Pellino-1, SMAD6 and TAB2. An actin immunoblot is shown for equal loading
control. Data are representative of at least 3 independent experiments.
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fact, miR-155 has been reported to control the expression of the
transcription factors c-Maf and PU.1 and to influence B cell
development (15, 25). In the present work, we have identified a
possible regulation of the c-Maf-related transcription factor,
MafB, mediated by miR-155 and possibly miR-223. Because the
ratio of PU.1 and MafB expression is a key to determine the fate
of monocyte differentiation in DCs or macrophages (44), these
miRs could maintain the proper equilibrium of expression
among these different transcription factors, all necessary for DC
lineage commitment.

Because of the potentially harmful effects of proinflammatory
cytokines, it would not be surprising that �1 negative feedback loop
controls inflammation, including miR-223 and miR-146. Regula-
tory mechanisms that operate at the transcriptional and posttran-
scriptional levels are complementary to the ‘‘safe guards’’ that
negatively regulate cytokine processing at the protein level. In the
case of IL-1�, besides regulation of gene expression, modulation
takes place at the level of protein synthesis, processing and secre-
tion. Thus, improving our understanding on the control of inflam-
matory cytokines expression, should ultimately lead to the devel-
opment of drugs better suited to treat inflammatory diseases. This
report highlights specific miRNAs and their targets genes, which
could be attractive candidates for the development of new thera-
peutic interventions.

Materials and Methods
Human peripheral blood mononuclear cells (PBMC) were isolated from human
leukapheresis by Ficoll-PaqueTM PLUS (Amersham Biosciences), washed 4

times with RPMI and CD14� cells were immunomagnetically purified with
AutoMACS (Miltenyi Biotech). Purified CD14� monocytes were analyzed using
a FACSCalibur (Becton Dickinson), confirming the purity of CD14� cells to be
95%. To promote differentiation into iDC, purified CD14� cells (0.5 � 106 cells
per ml) were plated in 6-well plates (2 � 106 cells per well) and cultured in RPMI
medium 1640 supplemented with 10% FCS, non essential amino acids, peni-
cillin/streptomycin 100 ng/ml (�1,000 units/ml), recombinant hGM-CSF and 20
ng/ml (�100 units/ml) hIL-4 (PeproTech) for 5 days. At days 2 and 4, half of the
volume of the medium was replaced with fresh medium. For DC maturation,
100 ng/ml LPS (Escherichia coli type 026:B6; Sigma) was added to the cells at
day 5. For transfection experiments, immature DCs were harvested at day 5 of
culture and resuspended in the Amaxa electroporation buffer (Human den-
dritic cell Nucleofector Kit, Amaxa) to a concentration of 2 � 107 cells per ml.
A total of 24 �L of a 5 nmol of solution of anti-miR-155 LNA (miRCURY LNA
Knockdown, hsa-miR-155, CCCCTATCACGATTAGCATTAA, Exiqon) or Scram-
ble-LNA (Scramble-miR, GTGTAACACGTCTATACGCCCA, Exiqon) was mixed
with 0.1 mL of cell suspension, transferred to a 2.0-mm electroporation
cuvette, and nucleofected with an Amaxa Nucleofector apparatus. After
electroporation, cells were transferred to complete medium, and cultured in
6-well plates at 37 °C. One hour after electroporation, LPS was added to the
cells that were incubated for further 24 h until analysis.
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